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Abstract 
The paper describes for the first time the analysis of the structure of compressed wood using computed 
tomography. The anatomical structures of Douglas-fir and hybrid poplar before and after densification with the 
Viscoelastic Thermal Compression (VTC) process were described by pore size distributions and mean pore sizes 
and compared. The compression of Douglas-fir mainly affected earlywood, while the compression of hybrid 
poplar mainly occurred in the vessels. In both wood species the densification resulted in a significant decrease in 
the pore volumes. The porosity decreased to less than the half of the original value for Douglas-fir earlywood 2 
 
and to approximately one quarter for the vessels in hybrid poplar. The relevant mean pore sizes also decreased 
dramatically down to about one quarter compared to the original values. In contrast, latewood in Douglas-fir and 
libriform fibers in hybrid poplar are quite stable under compression. Douglas-fir latewood retained its original 
structure after compression and did not show any reduction in pore size. 
The results confirmed that the anatomical structure of VTC densified wood can be described by pore size 
distributions and mean pore sizes. However, in the case of broad or bimodal distributions the mean pore sizes 
are of less significance. 
Keywords 
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Introduction 
The poor mechanical properties of low-density wood can be improved by wood densification 
(Seborg et al. 1945, Inoue et al. 1993, Dwianto et al. 1999, Navi and Girardet 2000, 
Blomberg and Persson 2004). Among other relevant technologies, the so-called Viscoelastic 
Thermal Compression (VTC) process densifies wood material by compression in transverse 
direction without cell wall fracture, yielding increased strength, stiffness, and hardness 
(Kamke and Sizemore 2008, Kutnar et al. 2008). The wood morphology changes 
significantly during the VTC process and depends strongly upon the degree of densification 
(Kutnar et al. 2009). Densification is achieved by high strain reducing the void space mainly 
of the cell lumen by cell wall buckling, but without destruction of the micro-cellular structure 
of the wood (Kutnar et al. 2009). The as yet undamaged cell walls, hence, are a major factor 
in the improved properties of VTC wood (Wolcott 1989, Kultikova 1999, Navi and Girardet 
2000, Kamke and Sizemore 2008).  
Tomographic imaging provides a powerful tool for investigating the microstructure of 
materials. Microfocus computed tomography (CT) demonstrated its suitability when 
investigating wooden tissues with resolutions of 300 µm down to 21 µm (Okochi et al. 2007, 
Grabner et al. 2009, Scholz et al. 2010). Most recent findings on the microstructure of wood 
based materials were derived using synchrotron radiation CT (Illman and Dowd 1999, 
Mannes et al. 2010, Modzel et al. 2011) with resolutions of around 7 µm down to nearly 1 
µm, while synchrotron radiation-based phase contrast tomography even yields resolutions of 
2 µm down to 0.7 µm (Trtik et al. 2007, Mayo et al. 2009, 2010, Derome et al. 2011). In the 
investigations reported in this paper, a tube based x-ray source was used for x-ray 
microtomography, with a resolution theoretically down to 0.4 µm.  
Mercury intrusion porosimetry (MIP) enables determination of the porosity of wood when 
incrementally increasing pressures are applied. However, interpretation of the pore size 
distribution gained by MIP can be affected by the so-called “bottleneck-effect”; the high 
pressure necessary to make mercury flow through pit openings leads to results with a higher 
proportion of small pores with a diameter below 1 µm (Schneider and Wagner 1974; Pfriem 
et al. 2009, Scholz et al. 2010). Also high proportions of wood rays in hardwoods cause large 
errors in determination of the pore size distribution with MIP (Schneider 1979). Additionally 
cell wall cavities with small diameters are compressed (Pfriem et al. 2009). According to 
Scholz et al. (2010) it can be demonstrated by CT that not all pores are accessible by MIP . 
MIP was applied to measure the porosity of the surface layer of particleboards (Schneider 
1982) and of single layer particleboards (Schweitzer and Niemz 1991). 3 
 
The aim of this paper was (i) a methodological advancement when analyzing the 
microstructure of densified wood, determining absolute (total number of voxels belonging to 
a certain pore size) and relative pore size distributions (frequency of pore sizes) and (ii) an 
improved knowledge of the microstructure of densified wood, like the cell structure. A 
squeezed but still intact cell structure after densification improves the material performance; 
the thorough analysis of such densification behavior shall enable a further development of the 
VTC process. Up to now densified wood was rather classified according to its macroscopic 
behavior and performance than according to its microstructure in deformed state; CT 
investigations of densified wood have not yet been reported in scientific literature. In these 
investigations special emphasis was placed on the correct choice of sample size in order to 
guarantee accurate statistical representation of the results. This implies a compromise 
between the largest possible sample sizes, the volume of data to be processed, and the 
achievable resolution in the anatomical structure analysis. 
 
Material and Methods 
Materials for the VTC Process 
Air dried low-density hybrid poplar (Populus deltoides × Populus trichocarpa) from a 
plantation located in northeastern Oregon and Douglas-fir (Pseudotsuga menziesii) were 
sawn and planed into 6 mm thick (radial) specimens and cut to a length and width of 100 mm 
(longitudinal) and 60 mm (tangential), respectively. The specimens were kept under specific 
climatic conditions (20°C, 65% relative humidity) until equilibrium moisture content of 
approx. 12 % was reached.  
 
Compression Process 
Transverse compression of wood in radial direction under transient conditions at 170° C was 
performed in a pressurized vessel equipped with a heated hydraulic press. Specimens were 
first exposed to saturated steam for 3 minutes at 170° C. The steam pressure of 773 kPa was 
released and 10 seconds later the compression stress was applied. Therefore, transient 
conditions of moisture content and temperature in the specimens were obtained before 
compression. A stress level of 5.5 MPa for both Douglas-fir and hybrid poplar was applied 
using a manually controlled hydraulic cylinder, a hydraulic fluid flow control valve, and a 
pre-set maximum force. Specimens were kept under constant stress for 3 minutes. The 
process was completed with a final cooling stage of 100° C while the specimens were still 
held under maximum compression stress. 
Before and after treatment, weight and dimensions of the specimens were monitored. After 
the VTC process the specimens were dried in a convection oven (103° C) over-night, oven 
dry weight and dimensions were measured, and the oven dry density and moisture content 
after compression were determined. Equilibrium moisture content after conditioning in an 
environmentally-controlled room (20° C, 65% relative humidity) was calculated based on the 
oven dry mass after densification. 
Preparation of CT Specimens 
One non-compressed reference sample and one compressed sample of each of the two wood 
species were selected as specimens for CT. To achieve the maximum resolution the specimen 4 
 
must have a transmission length as short as possible. Therefore they were shaped 
cylindrically with a diameter of approx. 2 mm, whereby the axis of these cylinders was 
chosen in longitudinal (not compressed) direction of the VTC samples (Figure 1). For the 
preparation of the CT specimens plies with rectangular cross sections in radial-tangential 
plane were cut from the reference samples and from the VTC compressed samples. In the 
case of poplar the plies were chosen to be within one growth ring, as the growth ring width is 
broader than the final diameter of the cylindrical specimen. Due to the minor difference 
between earlywood and latewood, the further analysis did not distinguish between earlywood 
and latewood. For Douglas-fir the CT specimens included earlywood and latewood. The 
earlywood proportions were 43 % for the uncompressed CT specimen and 73 % for the 
compressed one. These differences in earlywood/latewood proportion did not influence the 
evaluation of the tomographic data because the image data from tomography were virtually 
cut to suitable subvolumes. Various other influences e.g. those caused by resin canals were 
avoided in the choice of the subvolumes. Before the tomography was started, the specimens 
were stored under standard climate conditions (20° C and 65 % relative humidity) until 
equilibrium moisture content was reached; then they were packed under vacuum in plastic 
bags in order to minimize environmental influences during storage. 
 
Computed Tomography and Image Analysis, Granulometric and Porosity Analysis 
Computed microtomography (μCT) and image analysis were used to provide information on 
the microstructure of both the initial (reference) and the compressed state of the investigated 
wood species. Additionally, further image analysis methods derived from mathematical 
morphology (also known as “granulometry”) were used to obtain information on the porous 
structure of uncompressed and compressed specimens. 
The samples were scanned at the Upper Austrian University of Applied Sciences, Wels, 
Austria, with a phoenix|x-ray nanotom® 180. The nanofocus x-ray tube with 180 kV and the 
detector with 2300 x 2300 pixels enable a resolution down to 0.4 µm. The so-called area of 
interest of the cylindrical specimens was chosen as 2 x 2 x 1.8 mm³. In this study the 
achieved resolution was 1 µm edge length per volumetric pixel (voxel) for x-ray CT of the 
single specimens. Parameters used on the x-ray tube were 60 kV and 410 µA. For one scan 
1700 projections were made, which leads to a scanning time of 266 minutes per specimen. 
Relative humidity in the tomograph was between 31 % and 42 %, the temperature was 
between 22 and 24°C. A qualitative comparison of the first and last projection showed no 
apparent strain of the sample due to shrinkage movements caused by the climate conditions in 
the tomography device during the scanning time. 
The next step in image analysis included the reduction of noise using a median filter which 
assured the preservation of the edges. After that the virtual data were cut to subvolumes of 
various sizes for the granulometric analysis. In order to evaluate thoroughly the smallest 
possible subvolume, where a sufficient representativeness of the results in relation to the 
largest pore sizes is still given, a broad range of subvolumes was chosen: 75 x 75 x 1200 µm 
(radial x tangential x longitudinal), followed in size by 150 x 150 x 1200 µm, 300 x 300 x 
1200 µm³, 600 x 600 x 1200 µm³, and finally by 900 x 900 x 1200 µm³ (only for Douglas-
fir). For Douglas-fir the granulometric analysis was done separately for earlywood and 
latewood. The different subvolumes were analyzed in order to discern the influence of the 
chosen subvolume size on the results of the granulometric analysis. Before starting the 
granulometric analysis using MATLAB
®, the virtual subvolumes were transformed into 
binary images. The threshold value for creating binary images was calculated using the so-5 
 
called gray level histogram based on the so-called Otsu method (Otsu 1979).With a family of 
growing structuring elements of certain size the distribution of these structuring elements (as 
referred to as ‘pores’) within the wood microstructure can be derived. When evaluating the 
size of a pore in a certain position in the sample, the diameter of the largest spherical 
structural element is taken that fits completely into the pore volume. A detailed description of 
the algorithm is given elsewhere (Lux et al. 2006, Standfest et al. 2010).  
However one drawback of this method is, that pores e.g. shaped as ellipsoids are not 
described by one structural element, but by several lined up in a row. Regularly shaped 
structuring elements (ball shaped) as they were used for the granolometric analysis for this 
paper, therefore, cannot detect all anatomical features of wood; greater emphasis was placed 
on the diameter of pores rather than the length in case of such longish pores. The pore size 
distribution and mean pore sizes can be used to study the structural changes due to 
densification. 
  
The porosity of CT data was calculated by voxel counting; the sum of voxels belonging to the 
pore space in the binary image data was divided by the sum of voxels of the whole 
subvolume. 
The porosity C of wood was calculated according to the equation  
C = 100 – (100 * ςod / ςcw) (%)            (1) 
with ςod = oven dry density, and ςcw = density of the cell wall and 1.5 g/cm³ assumed for the 
cell wall density of wood. These results were compared with the results of the porosity 
calculated by voxel counting 
Results and Discussion 
Characteristics of Compressed (Densified) Wood 
A main focus in this study was the relation between achieved densification and the resulting 
wood morphology. The oven-dry density of the various wood species after densification and, 
hence, of the analyzed sub-µm-CT specimens was significantly influenced by the applied 
compression stress (Table 1). At the same stress level of 5.5 MPa, a higher oven-dry density 
resulted for hardwood (hybrid poplar) compared to softwood (Douglas-fir); this is despite the 
fact that the average initial density of the hybrid poplar specimen (0.37 g/cm³) was lower than 
the Douglas-fir specimen (0.45 g/cm³). This result is due to the different anatomical 
structures of hardwoods and softwoods, like the presence of vessels in hardwoods, while in 
softwoods the principal elements are tracheids. The lower compression modulus of the hybrid 
poplar, hence, resulted in higher compression deformation. The lignin content of 20 % in 
hybrid poplar (Balatinecz and Kretschmann 2001, Klasnja et al. 2003) is notably lower than 
in Douglas-fir, which was determined to be around 32 % (Dadswell and Hawley 1929, 
Winandy and Morrell 1993). Softening of lignin largely dominates the effect of temperature 
and moisture on the time-dependent mechanical behavior of wood (Kärenlampi et al. 2003); 
furthermore the lower lignin content of hardwood compared to softwood also facilitates 
compression deformation. This is underlined by the additional fact that the hybrid poplar used 
in this study was obtained from 11-year-old fast-grown trees. The rapid growth created 
tension wood throughout the stem, which was confirmed by microscopic observation (Kutnar 
and Kamke 2010). The especially low lignin content and longer and thinner fibers in tension 
wood result in lower compression strength (Fang et al. 2008). In the G-layer the matrix is 
almost devoid of lignin, and the microfibrils are oriented nearly parallel to the fiber axis 6 
 
(Clair 2010). The microfibril angle (MFA) is close to 0° in tension wood, which is 
significantly lower than MFA of Douglas-fir. Barnett and Bonham (2004) reported MFA 
variations of Douglas-fir to be 10° to 27°. 
Comparison of the Initial and Compressed State 
The morphology of wood significantly changes during the densification in the VTC process; 
this is mainly achieved by a reduction of the cell lumen volume. 
Hybrid Poplar 
Hybrid poplar (Figure 2) is a diffuse porous hardwood with minor differences in density 
between earlywood and latewood. The anatomic characteristics of the undensified hybrid 
poplar (e.g. homogeneous ray type, simple perforation plates, thin walled vessels solitary or 
radially joined in groups of two, three, or more, and libriform fibers), as analyzed by CT in 
the work described here (Figure 2a-c), coincide with previous results for poplar (Jourez et al. 
2001). The morphology of densified poplar can be seen in Figure 2d, e, and f. The high strain 
in the VTC process drastically reduces the volume of void spaces in the specimens and 
deforms the cell lumens. This, however, happens without fracture of the cell walls. Vessels 
collapse and flatten in the direction of the compression, while the rays appear to buckle. 
Since the structural differences between earlywood and latewood in hybrid poplar are minor, 
differences in morphology between them after the VTC process could not be distinguished.  
 
Douglas Fir 
Earlywood and latewood in Douglas-fir can be clearly distinguished (Figures3a-c). Annual 
rings are distinctly delineated by a pronounced narrow band of dark latewood. The structure 
of Douglas-fir wood is mostly built of tracheids, characterized by fine, close bands of spiral 
thickening. It has very fine rays, not visible to the naked eye, and longitudinal and transverse 
resin canals; the latter ones are much smaller than longitudinal canals and surrounded by 
epithelial cells. Since earlywood cells in softwoods possess larger lumens and thinner cell 
walls, they experience greater deformation than latewood cells during densification. Due to 
the thicker cell walls in latewood and, hence, their lower compressibility, the latewood cells 
do not buckle and do not undergo large deformations (see Figure 3d). Furthermore, the 
porosity of earlywood is larger than the porosity of latewood. Rays appear in wavy patterns 
and zigzag shape (Figure 3d), findings which were also reported by Dogu et al. (2010) for 
densified Scotch pine. 
Granulometric and Porosity Analysis 
Hybrid Poplar 
The initial total porosity of the uncompressed reference samples was 66 to 67 % with a very 
broad and even bimodal distribution of the pore sizes (Figure 4a). Therefore the mean pore 
sizes of 34 and 40 µm (Table 2) only partly reflect the true situation; nevertheless it is a 
suitable measure when comparing the structure of uncompressed and compressed samples. 
The distributions of the uncompressed sample based on two different subvolume sizes in 
Figure 4a show pores with low pore diameter (pore sizes 3 – approx. 33 µm, with the peak 
maximum at approx. 16 µm, libriform fibers) and pores with larger and quite large diameters 
(pore sizes in a broad range of 34 – 100 µm, vessels). The upper limit (100 µm) reflects the 
order of magnitude of the diameter of the vessels as shown in Figure 2a-c. The proportion of 7 
 
pores with sizes up to 33 µm is 61 % as an average for the two reference samples in Figure 
4a; the proportion of the larger pores, hence, is 39%. 
By far the biggest portion of the pore sizes remaining after compression is concentrated in a 
narrow peak at pore sizes up to approx. 22 µm with the peak maximum for the various 
subvolumes in the compressed state at approx. 7 µm; this still corresponds to the data for the 
mean pore sizes (8 and 9 µm) as given in Table 2. Only in one case (subvolume “300”) a 
small shoulder in the peak flank on the right side with a pore size of approx. 14 µm can be 
discerned. Due to the broad distribution of pore sizes above approx. 33 µm in the reference 
sample (without compression), an average number of the percentage loss in pore size is not 
reliable and meaningful. For the libriform fibers with the peak pore size of approx. 16 µm 
and the peak pore size after compression of approx. 7 µm the average loss of pore size would 
be more than 50 %. The mean pore size of the whole investigated subvolume and including 
vessels and libriform fibers is reduced by the factor 4 – 5; this means that the mean pore size 
after densification is only 20 – 25% of the original pore size of the uncompressed wood 
structure.  
The analysis of the various subvolumes showed that the smaller subvolumes, the greater the 
irregularities in the pore size distributions became. This fact points to the assumption that 
with smaller subvolumes (in relation to the biggest pores detected) the representativeness of 
the pore size distribution in this selected subvolume for the whole material investigated 
suffers. Obviously in smaller subvolumes the distribution of pores with small and large 
diameters can differ to sufficiently large subvolumes. With a minimum size of the subvolume 
of 300 x 300 x 1200 µm, only small differences in the various curves in Figure 4a for the 
uncompressed and for the compressed samples, resp., are given; this confirms that the size of 
the subvolumes used in the granulometric analysis is of minor importance as long as the 
subvolumes are sufficiently larger than the greatest pores. For the analysis reported here, this 
lowest acceptable ratio between the cross-sectional size of the subvolume and maximum pore 
size was defined with about 2.5. Contrary to the pore size distributions the calculated average 
values (porosity, mean pore size) showed less variation with small subvolumes (Table 2).  
Figure 4b compares the absolute distributions of voxels according to the voxel count of the 
uncompressed reference sample and the compressed samples of the investigated hybrid 
poplar. This type of diagram offers the possibility to evaluate the total porosity as the area 
below the various distribution curves. The areas for the compressed samples, hence, are in the 
range of only a quarter to one third of the area of the uncompressed samples, reflecting the 
loss in porosity as summarized in Table 2. 
The distribution of the voxels for the reference sample is, again, very broad and shows 
bimodal appearance. The threshold between the two parts of the bimodal distribution is at 
approx. 33 µm, as also shown in Figure 4a. The irregularities in the reference curve above 33 
µm are accidental; an assignment of the various relative peak maxima to individual 
anatomical features is not possible. In the case of the VTC compression of the wood 
structure, the whole pore size distribution is concentrated more or less in one rather narrow 
peak with the peak maximum at approx. 7 µm.As already outlined above, the evaluated size 
of the pores rather reflects the diameter of the cross section of the pores at various positions 
than the full volume; this is especially true for pores with non-spherical shape. When 
evaluating the size of a pore, the largest diameter of a spherical structuring element fitting 
into the pore at any position is taken as measure. Pores with non-spherical shape (like with 
elliptic longitudinal cross section), hence, might be represented by several structuring 
elements lined up in a certain sequence. Nevertheless, the cross section diameters of such a 
stretched pore shape are determined correctly. Structuring elements with a certain shape, like 8 
 
lines or rods can help in a further examination of ellipsoid shaped or even irregularly shaped 
pores. The total porosity of the selected subvolume, however, is not affected by this finding. 
Douglas Fir 
Different subvolumes of Douglas-fir earlywood and latewood were analyzed using the so-
called granulometric method in order to evaluate the pore size distribution and mean pore 
sizes.  
Uncompressed subvolumes within earlywood with a size between 75 x 75 x 1200 µm³ 
(“Reference 75”) and 600 x 600 x 1200 µm³ (“Reference 600”) show a total porosity of 76 % 
with a mean pore size of 31 - 33 µm (Table 3). The compressed subvolumes in earlywood had 
a total porosity of 32 to 35 %, which is less than half of the uncompressed subvolumes. The 
mean pore size was reduced to nearly one quarter compared to the original samples. The size 
of the subvolumes selected for the granulometric analysis had no influence on the determined 
total porosity and on the mean pore size. 
For latewood the mean pore size and the porosity were significantly lower than for earlywood 
and similar to compressed earlywood (Table 3);  
considering the possible accuracy in determining and calculating porosity and mean pore 
sizes as average values out of the determined pore size distribution no change in porosity and 
mean pore size was given for latewood before and after densification. For the uncompressed 
samples an even lower porosity and a slightly lower pore size than for the compressed 
samples was calculated (Table 3). The explanation of this might be found in sampling and is 
rather accidental. 
The coefficient of variation of the pore size (see Table 3) in the compressed subvolumes of 
earlywood increased, whereas for latewood these values were similar for both, uncompressed 
and compressed samples. 
The resulting pore size distributions of Douglas-fir earlywood are presented in Figure 5a. The 
uncompressed samples show broad distributions of the pore sizes from very small pores up to 
around 81 µm in diameter, as evaluated by granulometry. The peak value of 37 µm for the 
uncompressed state differs slightly from the mean pore size of 31 and 32 µm in Table 3. The 
absence of coincidence in the mean values of pore sizes and the location of the peak values 
when plotting their frequency indicate a non-symmetrical or even irregularly shaped pore size 
distribution, as it can be seen in Figure 4a for hybrid poplar and partly in Figure 5a for 
Douglas-fir earlyood. Similar to Figure 4 again in Figure 5 only the pore size distributions 
based on the larger subvolumes evaluated are shown.  
The compressed earlywood subvolumes exhibit a very narrow pore size distribution (Figure 
5a), showing the significant reduction in the pore sizes during the VTC process. More or less 
all voids of the tracheids with main diameters of 30 – 50 µm in their original shape before 
compression disappear; the relative proportion of small sized pores increases accordingly. 
The curves representing the two untreated subvolumes also show a small but clear second 
maximum at a pore size of approximately 9 µm. This pore size corresponds presumably to the 
size of the pit chamber. The margo within the pits, however, cannot be detected by CT with 
the resolution given in this investigation. The proportion of these pores is approximately 9 %, 
based on the whole pore volume. 
The distribution of the absolute number of pore voxels for Douglas-fir earlywood (Figure 5b) 
again shows the reduction in the pore sizes; additionally the area below the two curves (total 
number of pore voxels) as measure for the total pore volume is reduced significantly to 43 % 9 
 
of the reference value; the same reduction can be calculated from Table 3 for the total 
porosity. 
Also in Figure 5b, the small side peak of the reference sample at approx. 9 - 11 µm pore size 
(peak maximum at 10 µm) is visible, comprising approx. 9 % of the total area below the 
distribution curve. The main part of the pore size distribution for the reference sample in 
Figure 5 is given for the pore sizes between 15 and 57 µm; a tiny peak (with only less than 
0.2 % of the total number of voxels) is discernable for pore sizes of 75 – 83 µm. The 
irregularities in the centre part of the reference distribution at 31 µm, 39 µm, and 47 µm 
appear to be rather accidental. 
For the distribution curve of the compressed earlywood sample the vast majority of the 
voxels is combined in the one narrow peak in the range of 3 – 22 µm; a very small peak 
exists at 22 – 27 µm but comprises a proportion of only 0.6 % of the total voxel count. 
The samples of Douglas-fir latewood show narrow pore size distributions even in the 
uncompressed state; nearly all material is concentrated in the low pore size region in the 
range of a pore diameter up to approx. 21 µm (Figure 6a). This is caused by the much smaller 
cell lumens in latewood (Figure 3). Due to the high compression modulus of its thick cell 
walls the compression of Douglas-fir latewood, hence, is quite low compared to earlywood. 
This is also visible in Figure 6a and 6b in which the various pore size distributions for the 
reference samples and the compressed samples are compared. 
Figure 6b shows the distributions of voxel counts for the reference sample and the 
compressed sample, reflecting the porosity of the material as the area below the curves. 
The graphs in Figure 5 and 6 again only comprehend the curves for the larger subvolumes. 
The smaller the selected subvolumes, the more the pore size distribution starts to show 
irregularities in its shape. This, especially, is the case for the larger pores in Douglas-fir 
earlywood. For this reason only the curves for the larger subvolumes are depicted in Figure 5 
and 6. A general minimum ratio between the size of the subvolumes and the size of the largest 
pores is difficult to define. This depends on the uniformity of the pore size distribution as 
well as on the sample size in the CT measurements, the structure and composition of the 
material investigated, and the available calculation performance in the granulometric 
analysis. In this paper a ratio of around 2.5 has been estimated as best compromise between 
the various aspects. 
With the density values for hybrid poplar of 0.394 g/cm³ for the (uncompressed) reference 
and of 1.21 g/cm³ for the compressed state the calculated porosity is 74 % and 19 %, resp. 
When evaluating the CT data, a porosity of 66 % to 67 % for the reference and 15 % to 23 % 
for the compressed state was concluded. 
For Douglas-fir the two densities of 0.50 g/cm³ for the uncompressed sample and 1.12 g/cm³ 
for the compressed showed porosities of 67 % and 25 %; for these values. However, no 
distinction was made between earlywood and latewood. Based on the CT experiments 76 % 
for earlywood and 25 % to 26 % for latewood in the reference sample was determined. After 
compression the CT based porosity was 32 % to 35 % for earlywood and 29 % to 31 % for 
latewood. On a general basis the results based on the two methods correspond sufficiently 
well together.  
Conclusions  
The anatomical structures of Douglas-fir and hybrid poplar compressed inthe so-called VTC 
process were analyzed using computed tomography and compared with the relevant wood 10 
 
structures before densification. The pore size distribution and mean pore sizes describe the 
anatomical structure of both the original wood structure and the VTC densified wood. 
However, in the reference samples partly very broad or bimodal pore distributions occur, like 
in hybrid poplar and in Douglas fir earlywood; in such cases the mean pore sizes are of less 
significance. 
Mainly earlywood (in Douglas-fir) and the vessels (in hybrid poplar) were affected by the 
compression, and their pore volumes decreased significantly. The porosity decreased to less 
than half of the original value for Douglas-fir earlywood and to approximately one quarter in 
hybrid poplar. The relevant mean pore sizes also decreased dramatically down to about one 
quarter.  
Libriform fibers in hybrid poplar are less affected; the mean pore sizes of these smaller fibers 
were reduced by about 40 % by the VTC compression procedure.  
For Douglas-fir latewood no apparent reduction of pores sizes could be determined by the 
VTC process; the original structure before compression remains more or less unchanged. 
The study showed that CT is a suitable method for a nondestructive evaluation of densified 
wood on the microscopic level with low risk of preparation artifacts and with much easier 
preparation of the samples than is the case for any type of microscopy.  
Since cellular features range in size from 1 – 100 μm, μCT with resolutions of very few 
microns is suitable for this micro-scale examination of wood and, consequently, will improve 
current knowledge concerning the morphology of wood. This might also be important when 
investigating the densified wood structure close to bond lines when jointing two wood 
surfaces. 
As already outlined above, the detection of certain anatomical features in the wood structure, 
like the presence of narrow elongated pores, needs improved algorithms. Regularly shaped 
structuring elements (ball shaped), as were used for the granulometric analysis within this 
paper, rather reflects the diameter of such pores, but not their shape. This might be overcome 
using structuring elements of certain shape, like lines or rods when examining elongated or 
even irregularly shaped pores as they occur in the wood structure. 
One of the main contribution, of the CT method for the investigation of compressed wood is 
to distinguish the compression behavior of different parts of the wood structure, like 
earlywood and latewood; this could be shown evidently for Douglas-fir; contrary to this, for 
hybrid poplar more or less no discrimination between earlywood and latewood is given 
already in its uncompressed state. In Douglas-fir the compression is concentrated on the 
earlywood sections, whereas in hybrid poplar predominantly the vessels across the whole 
year ring are compressed. CT, therefore, is a valuable tool to follow the structural changes 
caused by the VTC process. In future different VTC process conditions and their 
consequences for the structure of the densified wood can be monitored and correlated. 
Furthermore, 3D reconstructions would enable developing a numerical model for explanation 
of deformations in wood during densification to be developed, the details of deformation at 
micro-scale could be predicted, and m insight into the relationship between microstructure 
and bulk properties of densified wood could be gained. 
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Figure 1. Scheme of the CT specimen preparation. Sizes are not to scale. 
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Figure 2. CT images of the different anatomical planes of hybrid poplar. a) uncompressed 
longitudinal cross section b) uncompressed radial section c) uncompressed tangential section 
d) with 5.5 MPa compressed longitudinal cross section e) with 5.5 MPa compressed radial 
section f) with 5.5 MPa compressed tangential section. Compression was performed in radial 
direction. 16 
 
 
Figure 3. CT images of the different anatomical planes of Douglas fir. a) uncompressed 
longitudinal cross section b) uncompressed radial section c) uncompressed tangential section 
d) with 5.5 MPa compressed longitudinal cross section e) with 5.5 MPa compressed radial 
section f) with 5.5 MPa compressed tangential section. Compression was performed in radial 
direction. 
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Figure 4. Pore size distributions of uncompressed (Reference) and VTC compressed hybrid 
poplar, as obtained by granulometric analysis after CT measurements. Data for individual 
pore sizes are shown in steps of 2 µm. Reference: uncompressed wood structure. 
Compressed: according to VTC process. The numbers indicate the size of the evaluated 
subvolumes (radial x tangential x longitudinal): 300: 300 x 300 x 1200 µm³; 600: 600 x 600 x 
1200 µm³. a) Frequency of pore sizes. b) Distribution of the number of pore voxels per 
individual pore size. 
 
 
Figure 5. Pore size distribution obtained by granulometric analysis of Douglas-fir earlywood. 
Data for individual pore sizes are shown in steps of 2 µm. Reference: uncompressed wood 
structure. Compressed: according to VTC process. Reference: untreated wood structure. 
Compressed: according to VTC process. The numbers indicate the size of the evaluated 
subvolumes (radial x tangential x longitudinal): 300: 300 x 300 x 1200 µm³; 600: 600 x 600 x 
x 1200 µm³; 900: 900 x 900 x 1200 µm³. a) Frequency of pore sizes. b) Distribution of the 
number of pore voxels per individual pore size. 
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Figure 6. Pore size distribution obtained by granulometric analysis of Douglas-fir latewood. 
Data for individual pore sizes are shown in steps of 2 µm. Reference: uncompressed wood 
structure. Compressed: according to VTC process. Reference: wood structure without 
compression. Compressed: according to VTC process. The numbers indicate the size of the 
evaluated subvolumes (radial x tangential x longitudinal): 300: 300 x 300 x 1200 µm³; 600: 
600 x 1200 µm³. a) Frequency of pore sizes. b) Distribution of the number of pore voxels per 
individual pore size. 
 
 
 
 
   19 
 
Table 1. Oven-dry density of specimens before and after VTC compression at 170° C. 
Stress level 
[MPa] 
Wood species  Initial oven-dry 
density  
[g/cm3] 
Compressed 
oven-dry density 
 [g/cm3] 
5.5  Douglas fir  0.498  1.12 
5.5  Hybrid poplar   0.394  1.21 
 
 
 
Table 2. Total porosity, mean pore size (MPS), standard deviation of the mean pore size (SD 
of MPS) and coefficient of variation (V) of the investigated subvolumes of hybrid poplar. 
Reference: untreated wood structure Compressed: according to VTC process. The numbers 
indicate the size of the evaluated subvolumes (radial x tangential x longitudinal): 75: 75 x 75 
x 1200 μm³;150: 150 x 150 x 1200 μm³; 300: 300 x 300 x 1200 μm³; 600: 600 x 600 x 1200 
μm³; 900: 900 x 900 x 1200 μm³. 
  Total Porosity 
[%]  
Mean Pore Size 
[μm]   
SD of MPS 
[μm]  
V [%] 
Reference 75   71   37 *  28 *  75 * 
Reference 150   61  38 *  24 *  64 * 
Reference 300   66  34 *  28 *  81 * 
Reference 600   67  40 *  52 *  128 * 
Compressed 75  24  8  3  41 
Compressed 150  25  9  4  43 
Compressed 300  23  9  3  47 
Compressed 600 **  17  9  3  48 
Compressed 600 **  15  8  3  44 
*) Due to the broad and even bimodal distribution as shown in Figure 4 both mean pore size, 
standard deviation and coefficient of variation are rather mathematical results. 
**) For “Compressed 600” two independent subvolumes of the same size were analyzed. 
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Table 3. Total porosity, mean pore size (MPS), standard deviation of the mean pore size (SD 
of MPS) and coefficient of variation (V) of the investigated subvolumes of earlywood and 
latewood of Douglas-fir. Reference: untreated wood structure. Compressed: according to 
VTC process. The numbers indicate the size of the evaluated subvolumes (radial x tangential 
x longitudinal): 75: 75 x 75 x 1200 µm³;150: 150 x 150 x 1200 µm³; 300: 300 x 300 x 1200 
µm³; 600: 600 x 600 x 1200 µm³; 900: 900 x 900 x 1200 µm³. 
  Total Porosity 
[%] 
Mean Pore Size 
[µm] 
SD of MPS 
[µm] 
V [%] 
Earlywood         
Reference 75   76  33  12  37 
Reference 150   76  32  11  35 
Reference 300 35  76  32  11  34 
Reference 600   76  31  10  33 
Compressed 75 8  34  8  3  33 
Compressed 150   32  8  3  32 
Compressed 300   32  8  5  39 
Compressed 600  32  8  5  37 
Compressed 900   35  10  5  65 
Latewood           
Reference 75   25  10  3  29 
Reference 150   25  11  3  32 
Reference 300  25  10  3  29 
Reference 600   26  11  3  31 
Compressed 75  29  12  3  27 
Compressed 150  31  11  3  30 
Compressed 300*  31  11  4  33 
Compressed 300*  29  11  3  25 
Compressed 600  30  11  3  26 
*) For “Compressed 300” two independent subvolumes of the same size were analyzed. 